Auditory processing depends upon inhibitory signaling by interneurons, even at its earliest stages 13 in the ventral cochlear nucleus (VCN). Remarkably, to date only a single subtype of inhibitory 14 neuron has been documented in the VCN, a projection neuron termed the D-stellate cell. With 15 the use of a transgenic mouse line, optical clearing and imaging techniques, combined with 16 electrophysiological tools, we revealed a population of glycinergic cells in the VCN distinct from 17 the D-stellate cell. These novel multipolar glycinergic cells were smaller in soma size and 18 dendritic area, but over 10-fold more numerous than D-stellate cells. They were activated by 19 auditory nerve fibers and T-stellate cells, and made local inhibitory synaptic contacts on 20 principal cells of the VCN. Given their abundance, combined with their narrow dendritic fields 21 and axonal projections, it is likely that these neurons, here termed L-stellate cells, play a 22 significant role in frequency-specific processing of acoustic signals. 23
Introduction 24
In the ventral cochlear nucleus (VCN), auditory nerve afferents make synapses onto multiple 25 subtypes of excitatory neurons, setting up parallel streams of processing that are used by higher 26 centers for processing auditory cues for sound intensity, frequency, and localization. This early-27 level activity of excitatory neurons is sculpted and stabilized by inhibitory neurons which use the 28 transmitter glycine Wenthold et al., 1986; Wu and Oertel, 1986 Carney, 2008; Keine and Rubsamen, 2015) . However, the sources of these inhibitory glycinergic 34 inputs onto the principal cells in VCN are not well understood. 35
Within the VCN, only a single glycinergic inhibitory cell type, called the D-stellate or 36 radiate multipolar cell, has been described (Oertel, 1983; Sento and Ryugo, 1989; Oertel et al., 37 1990 ; Doucet and Ryugo, 1997; Oertel et al., 2011; Xie and Manis, 2014) . D-stellate cells are a 38 small population of neurons (Campagnola and Manis, 2014 ) that send their axons to the 39 ipsilateral dorsal cochlear nucleus (DCN) (Smith and Rhode, 1989; Oertel et al., 2011; 40 Campagnola and Manis, 2014) but also to sites as distant as the contralateral cochlear nucleus 41 (Schofield and Cant, 1996b; Needham and Paolini, 2003; Smith et al., 2005) . Importantly, D-42 stellate cells provide broadband inhibition to their targets, as their large dendritic arbors receive 43 input from a broad frequency spectrum of auditory nerve fibers (Smith and Rhode, 1989; Oertel 44 et al., 1990) . Another source of inhibition in VCN is a projection neuron originating in the DCN, 45
the tuberculoventral cells (also called vertical cells) (Wickesberg and Oertel, 1988; Wickesberg 46 et al., 1991; Xie and Manis, 2013b; Campagnola and Manis, 2014) . Recent studies suggest that 47 D-stellate and tuberculoventral cells do not fully account for the inhibition observed in VCN 48 principal cells in vivo (Keine and Rubsamen, 2015) and in vitro (Campagnola and Manis, 2014) . 49
Indeed, no local inhibitory interneuron has ever been described for VCN, which is unlike most 50 known brain regions. Early anatomical studies suggested the presence of short axon cells in the 51 VCN (Lorente de Nó, 1981), or of inhibitory neurons different from the D-stellate cells, but the 52 identity of such neurons remains unknown (Lorente de Nó, 1981; Wenthold, 1987; Doucet et al., 53 1999; Campagnola and Manis, 2014) . 54
Here, we comprehensively examined the diversity of inhibitory neurons in the VCN 55 The novel glycinergic neurons, which have a narrower receptive field than D-stellate cells, form 61 the vast majority of inhibitory neurons in the VCN. We show that these cells, termed L-stellate 62 cells, receive monosynaptic auditory fiber inputs and polysynaptic inputs from axon collaterals 63
of T-stellate cells, and in turn locally inhibit bushy cells and T-stellate cells in the VCN. Thus, 64 the VCN has a rich diversity of glycinergic interneurons to provide maximum flexibility to 65 control the excitability of excitatory neurons in the VCN. 66
Results 67
Cell counts and soma size 68
We used a well-characterized GlyT2-GFP transgenic mouse (Zeilhofer et al., 2005 ; Albrecht et 69 al., 2014; Moore and Trussell, 2017) in order to study the prevalence of glycinergic cells in the 70 ventral cochlear nucleus (VCN). The neuronal glycine transporter, GlyT2, is a reliable marker of 71 glycinergic cells and GFP is selectively expressed in > 90% of glycinergic cells in the cochlear 72 nucleus (CN). To visualize all the glycinergic cells, we optically cleared whole CN (450-500 73 µm) using CUBIC-mount. Next, we imaged the whole CN, lateral to medial (Fig 1) . Fig 1A  74 shows a series of 50-µm thick image stacks of CN, lateral to medial. Not surprisingly, we 75 observed a dense population of glycinergic cells in the dorsal cochlear nucleus (DCN) as 76 described in previous studies (Oertel and Wu, 1989; Zhang and Oertel, 1993a, b; Kuo et al., 77 2012; Apostolides and Trussell, 2014) . Also apparent were thick tracts of glycinergic fibers that 78 entered the dorsal part of VCN, presumably projections of the glycinergic tuberculoventral 79 neurons (vertical cells) in the DCN ( Fig 1A) . We also observed a lack of glycinergic cells in the 80 octopus cell region of the posterior VCN, consistent with previous studies (Wickesberg and 81 Oertel, 1988; Wickesberg et al., 1991) . However, we found a large population of glycinergic 82 cells distributed across the rest of the VCN. To obtain a global view of their distribution, the 83 images were stitched and combined to create a 3D image of the entire CN ( Fig 1B) . The high 84 density of glycinergic cells throughout VCN was surprising, because D-stellate cells are thought 85 to be sparse, and the only other known glycinergic cells are Golgi cells, which are present mainly 86 in the granule cell layer overlying VCN (Ferragamo et al., 1998b; Irie et al., 2006; Yaeger and 87 Trussell, 2015) . 88
We restricted our analysis to neurons only in VCN by masking the area outside the VCN 89 and then quantifying the glycinergic cell count using semi-automated 'spot function' in Imaris 90 software (Fig 2A, B ). This counting procedure yielded a total of 2706 ± 107 glycinergic neurons 91 in the VCN (n = 4 VCNs, 3 mice). We next quantified the soma volumes of all glycinergic 92 neurons using the 'surface function' in Imaris (Fig 2C, D) , and found that the soma volume 93 distribution was positively skewed (Fig 2E) , such that the vast majority of the glycinergic cells 94 had small somas, and a minority had large somas (Fig 2E, inset) . 95
To verify that GFP expressing neurons in the VCN from GlyT2-GFP mice were indeed 96 glycinergic, immunohistochemical staining against glycine was performed on VCN sections (Fig  97   2F ). The proportion of GFP expressing cells also positive for glycine was 93.44 ± 1.54%, 98
whereas the proportion of glycine-positive cells also expressing GFP was 99.5% (n = 442 cells, n 99 = 3 VCNs, 3 mice). Interestingly, RNA probes against the GlyT2 gene (Slc6a5) also clearly 100 reveal both large and small glycinergic cells types in VCN 101 (http://mouse.brainmap.org/experiment/show/69874024). 102
To study the existence of additional glycinergic sources, we took an intersectional 103 approach to test whether the population of glycinergic neurons in VCN consists of molecularly 104 distinct glycinergic cell types. We used a somatostatin-Cre (Sst-Cre) mouse line that has been 105 used to identify and study somatostatin-containing neurons in the brain. An Sst-Cre::Ai9 mouse 106 line expresses tdTomato in a variety of neurons in the VCN. This mouse line was then crossed to 107 the GlyT2-GFP mouse line. In the resulting cross, large GFP-positive cells were clearly positive 108 for tdTomato; given their size, these are candidate D-stellate cells, and this inference was 109 confirmed by experiments described below on commissural projections. 110
However, closer examination revealed that the majority of the GFP positive cells were 111 tdTomato-negative and formed a size class distinct from the double-labeled cells presumed to be 112 D-stellate cells. GFP and tdTomato fluorescence was amplified with antibodies to ensure the 113 visualization of cells with lower expression (n = 3 VCNs, 2 mice) ( Fig 3A, B ). There was a 114 strong correlation between GFP and tdTomato expression in presumptive D-stellate cells (Fig  115   3B , top row). By contrast, smaller cells that were GFP positive were clearly tdTomato negative 116 ( Fig 3B, bottom row) . Thus, the small glycinergic cells are molecularly distinct from the larger 117 D-stellate cells in that only the latter express cre in this mouse line. 118
This conclusion was further probed by examining the distributions of small glycinergic 119 cells and D-stellate cells in the VCN. CNs from Sst-tdTomato::GlyT2-GFP mice were optically 120 cleared the using CUBIC-mount ( Fig 4A) . We then separately measured the soma volumes of 121 glycinergic cells expressing GFP only and D-stellate cells expressing both GFP and tdTomato 122 using the surface function in Imaris ( Fig 4B) . We found that double-labeled cells were 123 significantly larger than GFP-only cells (average soma volume, GFP only, 1826.55 ± 12.93 µm 3 124 vs. D-stellate cells, 4289.5 ± 98.29 µm 3 , n = 2 VCNs, 2 mice). However, numerically, the larger 125 cells types composed only about 12% of all glycinergic neurons in VCN (GFP only, n = 3250 ± 126 55 vs. D-stellate cells, n = 380 ± 9) ( Fig To further confirm that the small glycinergic cells are a distinct population, we performed 133 individual cell fills by patch clamping GFP-positive neurons with pipettes containing biocytin in 134 the intracellular solution, and reconstructing the filled cells using Neurolucida ( Fig 5) . Large 135 cells exhibited typical radiate morphology which have been described previously for D-stellate 136 cells in the VCN ; Campagnola and Manis, 2014; Xie and Manis, 2014) (n = 137 6) ( Fig 5A) , and henceforth will be referred to as D-stellate cells. Unlike D-stellate cells, the 138 small glycinergic cells had restricted axonal and dendritic arbors (n = 17) ( Fig 5B) . The spread of 139 the axonal-dendritic field was quantified by measuring the longest and shortest axis of the 140 reconstructed structures. We found that small glycinergic cells had significantly restricted 141 branched processes compared with D-stellate cells (longest axis: D-stellate cells, 619.42 ± 45.78 142 µm vs. small cells, 271.43 ± 26.23 µm, p < 0.001, t-test; shorter axis: D-stellate cells, 435.62 ± 143 1.82 µm, n = 6 cells vs. small cells, 148.60 ± 12.03 µm, n = 17, p < 0.001, t-test) ( Fig 5C) . We 144 also measured the volume and surface area under the axonal-dendritic field assessed by its 145 convex hull, and found that the field encompassed by the D-stellate cell processes had a larger 146 volume and surface area than that of the small glycinergic cells ( 
Intrinsic properties 152
Next, we studied the intrinsic electrical properties of the D-stellate and the small 153 glycinergic cells in the VCN by targeting GFP positive cells from GlyT2-GFP mice for whole-154 cell recordings. D-stellate cells were identified based on their large soma size and dendrites, 155 visible in patch clamp recordings, while the small cells had obviously smaller somata and less 156 distinct dendrites. Representative responses to depolarizing and hyperpolarizing current 157 injections are shown in Fig 6A,B . All cells showed sustained firing responses at weak-to-158 moderate depolarizing current steps; however, their responses to strong depolarizing current 159 injections were more diverse ( Fig 6A-B , top), particularly as regards the maintenance of spike 160 amplitude during the response. Measurements of membrane properties, action potential shape, 161 and firing properties were collected from all the glycinergic cells (Table 1 ). We used these three 162 parameters (action potential height, AHP decay and input resistance, Fig 6C, inset) to classify the 163 glycinergic cells into different clusters, in order to probe for distinct inhibitory cell types (Fig  164   6C ). The elbow method for estimating the optimal number of clusters ( Fig 6D, 
inset) indicated 2 165
or 3 groupings were most likely. We then used K-means cluster analysis to divide the population 166 of all the glycinergic cells into 2 groups ( Fig 6C) . Cluster analysis based on electrophysiology 167 accurately separated 91.7% (11/12) of visually-identified D-stellate cells (red circles) from the 168 small cells (blue). However, the parameters used to classify the small cells are widely distributed 169 which suggest there may be further subtypes among the small glycinergic cells. When we used a 170 K-value of 3, the 'small' cells were further classified into two further groups ( EPSCs that grew in size with the strength of the shocks ( Fig 8A) indicating multiple ANF inputs 195 per postsynaptic cell. Varying stimulus strength showed that each cell receives 3-5 ANF inputs 196 ( Fig 8A) . The average amplitude of EPSCs evoked with AN root stimulation was 385.7 ± 49.9 197 pA (n = 22). The EPSCs also showed the fast kinetics (t = 0.80 ± 0.07 ms, half-width = 0.91 ± 198 0.08 ms, n = 22) and had short and consistent synaptic delays of less than 1 ms, consistent with 199 monosynaptic transmission. 200
In many small cells (45%, 10/22), AN root stimulation evoked EPSCs with distinctly 201 different latencies ( Fig 8B) . The presence of peaks with different latencies suggests that the 202 small cells also receive polysynaptic excitation from neurons located within the brain slice. 203
Specifically, the first EPSC always had a short synaptic latency consistent with a monosynaptic 204 input ( Fig 8B, black arrow heads), but this was often followed by EPSCs two or more ms later 205 EPSCs should be increased if the T-stellate cells were made more excitable with carbachol. To 211 test this idea, carbachol (10 µM) was bath applied while monitoring spontaneous EPSCs 212 (sEPSCs) from small GFP-positive cells. We observed a significant increase in the amplitude and 213 frequency of sEPSCs ( Fig 8C, D) , as expected if the T-stellate cells were firing spontaneously. In 214 order to test the role of local collaterals in the delayed events, we recorded EPSCs in small GFP-215 positive cells evoked by AN root stimulation. A representative recording with 10 superimposed 216 traces is shown in Fig 8E. In this cell, we observed a first EPSC with a short latency (< 1 ms) 217 followed by events with longer latencies (> 2 ms). Carbachol (10 µM) was then washed in and 218
EPSCs recorded in response to the same AN root stimulation strength (Fig. 8F ). The latencies 219 and numbers of EPSC were quantified and displayed as raster and PSTH plots (1-ms bin; Fig 8  220 G-J). There was no change in the first EPSC but the events with longer latencies increased in 221 frequency. Across multiple cells (n = 5), there was no significant increase in number of events 222 under < 1 ms (percentage increase from control = 17 ± 0.11 %,). By contrast, we observed a 223 significant increase in the number of events with longer latencies (percentage increase from 224 control = 92 ± 0.13 %). These results strongly suggest that the local collaterals from T-stellates 225 are the source of polysynaptic excitatory inputs onto the small glycinergic cells. 1999; Needham and Paolini, 2003; Doucet and Ryugo, 2006) . In order to test whether the small 230 GFP-positive cells also project to the contralateral CN we injected retrogradely-transported 231 fluorescent latex beads (50-100 nl) into the contralateral CN of GlyT2-GFP mice (n = 3). Five 232 days after the bead injections, we examined coronal sections of the ipsi-and contralateral CN 233 ( Fig 9A, B) . Some GFP positive neurons were double-labeled with retrobeads in the ipsilateral 234 CN, however virtually all of these had large somas, consistent with D-stellate cells (length of 235 longest axis = 26.9 ± 3.92 µm, n = 47, n = 3 CNs) (Fig 9 C) . Thus, few if any of the small GFP-236 positive cells project contralaterally, again indicating that they compose a separate cell class. 237
Our anatomical reconstruction data ( Fig 5) of the small GFP-positive neurons in the VCN 238 suggest these cells might provide local feedforward inhibition to principal cells in the VCN. To 239 test this, we first tried paired-recordings of small cells with principal cells of the VCN, however, 240 out of 40 paired-recordings, we found only a single successful pair. As the yield was very low 241 we used a different approach. Interestingly, we have found that a subset (9/15) of the small GFP-242 positive cells can be activated by bath application of cholinergic agonists, carbachol (10 µM) (n 243 = 15) (Fig 10 A) . In contrast, the other major inhibitory sources to VCN including the D-stellate 244 (n = 6) (Fig 10 B ) and the tubercoluventral cells of the DCN (n = 5) ( They receive monosynaptic auditory nerve inputs and feedforward excitatory inputs from local 267 T-stellate cells, and their axons appear to inhibit principal excitatory cells, the bushy cells and T-268 stellate cells of the VCN (Fig 11) . Therefore, the VCN has distinct glycinergic interneuron 269 populations that likely play distinct roles in auditory processing. Although we have identified two major glycinergic interneuron populations, further 289 studies may reveal additional diversity within the groups described in this paper. Our anatomical 290
data show a variety of somatic, dendritic, and axonal morphologies within the L-stellate cell 291 types. Electrophysiologically, L-stellate cell types display heterogeneity in their membrane 292
properties, likely a consequence of diverse ion channel expression. We also found that only a 293 subset of L-stellate cells were sensitive to the cholinergic agonist, carbachol. Previous studies 294 have reported that medial olivocochlear axons make synaptic contacts with T-stellate cells and 295 small unidentified cells in the VCN (Benson and Brown, 1990; Benson et al., 1996; Fujino and 296 Oertel, 2001) . As some L-stellate cells were activated by bath application of carbachol, this 297 suggests that the L-stellate cells might also receive inputs from the medial olivocochlear These could be the small multipolar marginal cells described by Doucet and Ryugo (2006) . week at 4 °C in PBS until processing for biocytin labeling. To visualize biocytin labeling, slices 391 were permeabilized in 0.2% Triton X-100 solution (in PBS) for 2 h at room temperature. Slices 392 were incubated 0.3% H2O2 for 30 min to quench endogenous peroxidase, rinsed with PBS, 393 incubated in ABC reagent (Vector Laboratories) for 2 h, rinsed with PBS, and then incubated for 394 3-4 min in diaminobenzidine (DAB) solution containing 0.05 M Tris buffer, 10 mg/ml nickel 395 ammonium sulfate, 50 mM imidazole, 1 mg (1 mg/100 µl) DAB, and 0.3% H2O2. Slices were 396 then rinsed, mounted on glass slides, dehydrated in an ascending series of alcohols, delipidized 397 in xylene, and cover slipped with Permount. DAB-stained cells were visualized with a Zeiss 398
Axio Imager M2 using a 40X oil immersion objective and reconstructed using Neurolucida 399 (MBF Bioscience). Analyses of dendritic and axonal processes were made in Neurolucida 400
explorer. 401
Immunohistochemistry. For glycine labeling, mice were deeply anesthetized with isoflurane and 402 perfused transcardially with 0.9% warm saline followed by a fixative containing 2% 403 glutaraldehyde and 1% paraformaldehyde buffered in PBS. Brains were removed and post-fixed 404 for 30-60 minutes. Sagittal sections were cut at 50-µm thickness on a vibratome (Leica 405 VT1000S). Slices were rinsed in PBS and then incubated in fresh 1% NaBH4 for 30 minutes to 406 reduce autofluorescence from glutaraldehyde fixation. Slices were rinsed extensively in PBS. 407
For colabeling studies of Sst-tdTomato and GlyT2-GFP-positive neurons, Sst-tdTomato::GlyT2-408 GFP mice were deeply anesthetized with isoflurane and perfused transcardially with 0.9% warm 409 saline followed by 4% paraformaldehyde buffered in PBS. Brains were removed and post-fixed 410 overnight at 4 o C. Sections were cut at 50-µm thickness on a vibratome (Leica VT1000S). 411
All the sections were then blocked in 2% bovine serum albumin (BSA), 2% fish gelatin and 412 permeabilized in 0.2% Triton X-100 in PBS for 2 h at room temperature on a shaker table. Next, 413 the sections were incubated in primary antibody solution containing: primary antibody, 2% BSA, 414 2% fish gelatin PBS with 0.2% Triton X-100 for 24-48 h at 4 °C. The sections were then washed 415 three times, 10-mins each, in PBS, and incubated in secondary antibody solution for 2 h at room 416 temperature or 24-48 h at 4 °C on a shaker table. The following primary antibodies were used: 417 1:500 anti-Glycine (Ab139, Abcam), 1:2,000 chicken anti-GFP (GFP-1020, Aves Labs) and 418 1:500 rabbit anti-DsRed (632496, Clontech). The following secondary antibodies were used: 419 1:500 Cy3-conjugated donkey anti-rabbit antibody (Jackson Immuno Research), 1:500 donkey 420 anti-chicken conjugated to Alexa Fluor 488 (703-545-155, Jackson Immuno Research) and 1:400 421 donkey anti-rabbit conjugated to Alexa Fluor 594 (711-585-152, Jackson Immuno Research). 422
Sections were rinsed in PBS three times, 10 minutes for each rinse, and in a few cases sections 423 were subsequently incubated in 4% paraformaldehyde in PBS for one hour. Sections were then 424 mounted on microscope slides and cover slipped with Fluoromount-G (Southern Biotech). 425
Images were acquired using a Zeiss LSM 780 confocal microscope. 426
Thick tissue clearing. Mice were deeply anesthetized with isoflurane, then perfused 427 transcardially with 0.9% warm saline followed by 4% paraformaldehyde buffered in PBS. Brains 428 were removed and post-fixed overnight at 4 °C. The entire cochlear nucleus (450-500 µm) was 429 cut from the brainstem using a vibratome (Leica VT1000S). Because the cochlear nucleus sits at 430 the lateral edge of the brainstem, only a single cut was required to prepare the specimen. Samples Images were acquired at 5-µm steps with fast Airyscan LSM880 as described above. Images 463 were post-processed and stitched using Zeiss Zen Black software. Images were analyzed using 464 the "ImarisColoc" function in Imaris. 150-µm thickness of VCN were processed separately. 465
ImarisColoc function allows to process the overlap between the two-color channels in an 466 image. Minimum threshold was selected for the two-color channels. A new channel was 467 generated that only contained colocalized voxels. Next, we used the surface rendering 468 program, which turns voxels into solid objects, which were used to measure the volumes on 469 double-labeled cells. 470 471 Retrobead injections. GlyT2-GFP mice were anesthetized with isoflurane and placed in a 472 stereotaxic frame (David Kopf). Animal temperature was maintained near 37 o C with a 473 heating pad (T/pump Gaymar). The scalp was reflected, a portion of skull above the left 474 cerebellum was opened. VCN was located by stereotactic coordinates starting from the surface 475 junction point of the inferior colliculus, cerebellar lobule IV-V and simple lobule (9.5 mm 476 lateral, 7 mm rostral, 4 mm depth). Glass capillaries (Wire Trol II, Drummond Scientific) were 477 pulled on a horizontal puller (P-97, Sutter) and then beveled using a diamond lapping disc (0.5 478 µm grit, 3M DLF4XN_56611X) to an inside diameter of 20-30 µm (Balmer and Trussell, 2019) . 479
Glass capillaries were advanced into the VCN with a microdrive (IVM-500, Scientifica) at a rate 480 of 10 µm/s. 50-100 nl of red retrobeads (LumaFluor Inc.) were injected using a single axis 481 manipulator (MO-10, Narishige) and pipette vice (Ronal). 5-min waiting periods were allowed 482 before and after injections. The skin was sutured and mice were allowed to recover for 5-6 days. 483
After recovery, mice were deeply anesthetized with isoflurane and then perfused transcardially 484 with 0.9% saline followed by 4% paraformaldehyde buffered in PBS. Brains were removed and 485 post-fixed overnight at 4 °C. Coronal sections were cut at 50-µm thickness on a vibratome (Leica 486 VT1000S 
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The funders had no role in study design, data collection and interpretation, or the decision to 516 submit the work for publication. 517 D-stellate cells had significantly larger volume (volume: D-stellate cells, 4.8 ± 1.2 X 10 9 µm 3 vs. small cells, 2.02 ± 0.6 X 10 9 µm 3 , p < 0.001, t-test) (D) and surface area (D-stellate cells, 20.9 ± 1.07 X 10 3 µm 2 vs. small cells, 9.8 ± .27 X 10 3 µm 2 , p < 0.01, t-test) (E) compared with the small glycinergic cells. Table 1 : Membrane properties of the glycinergic cells in the VCN. Rin: Input resistance; AP height: action potential peak potential; AP halfwidth: action potential half width; AP AHP: action potential afterhyperpolarization; AP AHP latency: action potential hyperpolarization latency; Rate of rise of action potential; Threshold: action potential threshold; Overshoot: peak of action potential from 0 mV; Undershoot: Peak of hyperpolarization from baseline; Firing rate: number of spikes/s
